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Objectives The aim of this study was to determine the relative contribution of the muscle and ventilatory pumps to stroke
volume in patients without a subpulmonic ventricle.
Background In patients with Fontan circulation, it is unclear how venous return is augmented to increase stroke volume and
cardiac output during exercise.
Methods Cardiac output (acetylene rebreathing), heart rate (electrocardiography), oxygen uptake (Douglas bag technique),
and ventilation were measured in 9 patients age 15.8  6 years at 6.1  1.8 years after Fontan operation and
8 matched controls. Data were obtained at rest, after 3 min of steady-state exercise (Ex) on a cycle ergometer at
50% of individual working capacity, during unloaded cycling at 0 W (muscle pump alone), during unloaded cy-
cling with isocapnic hyperpnea (muscle and ventilatory pump), during Ex plus an inspiratory load of 12.8  1.5
cm water, and during Ex plus an expiratory load of 12.8  1.6 cm water.
Results In Fontan patients, the largest increases in stroke volume and stroke volume index were during zero-resistance
cycling. An additional increase with submaximal exercise occurred in controls only. During Ex plus expiratory
load, stroke volume indexes were reduced to baseline, non-exercise levels in Fontan patients, without significant
changes in controls.
Conclusions With Fontan circulation increases in cardiac output and stroke volume during Ex were due to the muscle pump,
with a small additional contribution by the ventilatory pump. An increase in intrathoracic pressure played a dele-
terious role in Fontan circulation by decreasing systemic venous return and stroke volume. (J Am Coll Cardiol
2012;60:2115–21) © 2012 by the American College of Cardiology Foundation
Published by Elsevier Inc. http://dx.doi.org/10.1016/j.jacc.2012.08.970l
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mDuring exercise, cardiac output (Qc) increases to match met-
abolic demand. This increase in Qc is normally accomplished
by both an increase in heart rate and a balanced increase in
right and left ventricular stroke volume (SV). However, the
single ventricle poses challenges to this response.
The Fontan operation, performed in those with single-
ventricle physiology, creates conduits so that there is total
systemic venous return to the lungs via passive filling (1).
The operation results in improvement in exercise tolerance
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accepted August 6, 2012.(2–4), even under adverse conditions such as acute high
altitude (5). However, exercise tolerance in patients with no
subpulmonary ventricle is still limited compared with a
normal cohort. The mechanisms that allow for an increase
in Qc, particularly the increase in SV, during exercise in
Fontan patients are unclear; increased left ventricular con-
tractility, diastolic suction, and increased heart rate have
been proposed (6–8). Limitations to the increase in Qc
during exercise include increased pulmonary vascular resis-
tance (8). However, treatment with selective pulmonary
vasodilators has shown small and inconsistent improve-
ments in oxygen uptake (VO2) and the ratio of ventilation
(VE) to carbon dioxide production (VCO2) (9).
The increase in SV during exercise in the normal biventricu-
ar heart is achieved through a variety of mechanisms, includ-
ng the muscle and ventilatory pumps. The muscle pump is
efined as the return of venous blood to the heart via skeletal
uscle contraction, generating up to 90 mm Hg of pressure10). The ventilatory pump provides an additional increase in
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with increased flow predominantly
through the thoracic inferior vena
cava (10). Our aim was to deter-
mine the contributions to Qc dur-
ing exercise in Fontan patients
from these 2 systems: 1) the mus-
cle pump; and 2) the ventilatory
pump.
To investigate this question, we
imposed a series of exercise and
ventilatory demands using inspira-
tory and expiratory loading devices
that have been shown to reliably
result in changes in intrathoracic
pressure and thus central venous
pressure (11).
We hypothesized that in-
creases in Qc and SV in Fontan
patients would result from in-
creased venous return from mus-
cle contraction (muscle pump)
and ventricular filling because of
the negative intrathoracic pres-
sure generated by inspiration
(ventilatory pump).
Methods
Subjects. Nine patients with Fontan circulation who were
outinely followed in the cardiology clinic at Children’s
edical Center of Dallas and clinically stable (New York
eart Association functional class I) were asked to partic-
pate in this study. Most had participated in previous
esearch studies. Before the Fontan procedure, 8 patients
ad classic Glenn anastomoses to the right pulmonary
Abbreviations
and Acronyms
CI  cardiac index
EL  expiratory load
Ex  exercise
ExEL  exercise plus
expiratory load
ExIL  exercise plus
inspiratory load
IL  inspiratory load
Qc  cardiac output
Qp  pulmonary blood flow
SV  stroke volume
SVI  stroke volume index
VCO2  carbon dioxide
production
VE  ventilation
VO2  oxygen uptake
0W  zero-resistance
cycling
0WH  zero-resistance
cycling plus isocapnic
hyperpnea
Fontan Subject Detailed CharacteristicsTable 1 Fontan Subject Detailed Characteristics
Patient # Age (yrs) Sex Years Since Surgery
1 17 Male 4.1 Dextro
ven
2 11 Male 5 Tricusp
ASD
3 14 Female 3.9 DILV
4 11 Male 8 DILV, s
sub
L-TG
5 11 Female 5 Tricusp
6 26 Male 8.9 Tricusp
7 25 Male 5.4 Tricusp
sev
8 17 Male 8.2 Tricusp
and
9 10 Male 6.9 DILV, PASD  atrial septal defect; BT  Blalock-Taussig; DILV  double-inlet left ventricle; D-TGA  D-transpos
S  pulmonary stenosis; RAA  right atrial appendage; VSD  ventricular septal defect.artery. One had only bilateral Blalock-Taussig shunts.
Fontan operations were performed in 8 patients by connect-
ing the right atrial appendage and pulmonary artery, with
the Glenn anastomosis remaining intact. The Fontan anat-
omy in 1 patient was a direct anastomosis of the right atrium
to the pulmonary artery (Table 1). All patients had systemic
left ventricles without lung pathology or fenestration.
Eight healthy controls with normal cardiac function were
matched individually by age, sex, and body surface area to
the Fontan patients (Table 2).
The study was approved by the institutional review board of
the University of Texas Southwestern Medical Center and the
Presbyterian Hospital of Dallas. Informed consent was ob-
tained from subjects and their parents when indicated.
Study design. All subjects participated in a maximal
exercise session and then participated in our study pro-
tocol (Fig. 1).
Maximal exercise protocol. An incremental exercise test to
exhaustion was used to identify the maximal work rate and
maximal VO2 for each subject, performed on a cycle ergom-
eter (CPE 2000 with pediatric adaptations; Medical Graph-
ics Corporation, St. Paul, Minnesota). VO2 and VE were
monitored continuously with a customized gas exchange
system (turbine flowmeter, VMM-400 [Interface Associ-
ates, Aliso Viejo, California], and mass spectrometer).
Study exercise protocol. On a subsequent day, the same
electronically braked cycle ergometer was used. After ob-
taining baseline data, each subject completed 5 exercise
sessions. Data were obtained during upright submaximal
exercise after 3 min of cycling with a 5- to 10-min rest
period between each exercise condition.
The conditions were as follows: 1) steady-state exercise
(Ex) on a cycle ergometer at 50% of maximal exercise
capacity (Ex); 2) zero-resistance cycling (0W), to assess the
muscle pump independent of significant ventilatory re-
atomy Previous Procedures Fontan
, DILV, L-TGA,
r inversion, PS
Classic Glenn, left BT shunt RAA-PA connection
ve atresia,
s
Classic Glenn RAA-PA connection
PA banding, classic Glenn RAA-PA connection
monic and
stenosis,
PA banding, Blalock-Hanlon,
classic Glenn, subaortic
stenosis resection,
Damus-Kaye-Stansel
RAA-PA connection
esia, VSD Bilateral BT shunts, classic
Glenn
RAA-PA connection
esia Classic Glenn RAA-PA connection
esia with Waterston, classic left BT,
classic Glenn
RAA-PA connection
esia with ASD Bilateral BT shunts Direct RA-PA connection
GA Right BT, classic Glenn RAA-PA connectionAn
cardia
tricula
id val
, VSD
ubpul
aortic
A
id atr
id atr
id atr
ere PS
id atr
VSDs
S, D-Tition of the great arteries; L-TGA  L-transposition of the great arteries; PA  pulmonary artery;
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November 13, 2012:2115–21 Fontan Patients: Effect of Muscle/Ventilatory Pumpsponse; and 3) 0W plus isocapnic hyperpnea (0WH),
atching the respiratory rate and VE obtained during
condition 1, to assess the ventilatory and muscle pumps
independent of the metabolic demands of exercise. Then the
effects of inspiratory load (IL) and expiratory load (EL) on
submaximal exercise were assessed with the following con-
ditions (order alternated): 4) Ex plus an IL (ExIL) of
12.8  1.5 cm water, and 5) Ex plus an EL (ExEL) of
12.8  1.6 cm water.
Measurements. Heart rate was monitored by electrocardi-
ography (Schiller CS-100, Schiller AG, Baar, Switzerland)
and blood pressure with an automated system (SunTech
Medical, Research Triangle Park, North Carolina). VO2 was
measured using the standard Douglas bag technique. Ex-
pired gas fractions were measured using a mass spectrometer
(Marquette Medical Systems, Milwaukee, Wisconsin) and
gas volumes using a dry gas meter (Collins, Braintree,
Massachusetts). After VO2 had reached steady state on the
asis of a continuous proprietary PC-based computer anal-
sis system (usually after 2 to 3 min), a Douglas bag was
ollected over 1 min. Immediately afterward, the acetylene
ebreathing technique was used to measure effective pulmo-
ary blood flow (Qp) with acetylene as the soluble gas and
elium as the insoluble gas (12–14). In this method, Qp is
alculated from the disappearance rate of acetylene in
xpired air, measured with a mass spectrometer (Marquette
edical Systems), after adequate mixing in the lung has
een confirmed by a stable helium concentration. This
ethod has been validated to be a close estimate of Qc in
ur laboratory in normal subjects against standard invasive
echniques over a range of values of Qc from 2.75 to 27.00
/min (13,14). The inspired and expired breathing loads
ere created by adding a threshold load device (threshold
uscle trainer; VacuMed, Ventura, California) to a custom-
ade breathing valve (modified 3-way balloon valve [Hans
udolph, Inc., Shawnee, Kansas] and 1-way valve attached
t the mouthpiece) in line with the system used for Qc and
O2 measurements. The threshold load device was set at its
lowest setting, which was 7 cm water. System resistance
without the threshold trainer was 2 cm water at a flow rate
of 2 l/s, 6 cm water at 4 l/s, and 13 cm water at 6 l/s. With
the threshold load device on the inspiratory side, inspiratory
resistance was 12 cm water at a flow rate of 2 l/s, 18 cm
water at 4 l/s, and 31 cm water at 6 l/s. With the threshold
load device on the expiratory side, expiratory resistance was
Fontan and Control Subject CharacteristicsTable 2 Fontan and Control Subject Characteristics
Variable Controls Fontan Patients
Mean age (yrs) 16.3 15.9
Male 6 (75%) 7 (78%)
Female 2 (25%) 2 (22%)
Mean height (cm) 155 155
Mean weight (kg) 46.8 51.7
Mean body surface area (m2) 1.42 1.4811 cm water at a flow rate of 2 l/s, 16 cm water at 4 l/s, and25 cm water at 6 l/s. During 0WH, VE was maintained
isocapnic by flowing 3% carbon dioxide into the inspiratory
circuit during voluntary hyperpnea, which was monitored by
maintaining a constant partial pressure of end-tidal carbon
dioxide.
Statistical analysis. Mixed modeling statistical analysis in a
random-effects model and the Bonferroni post hoc test for
multiple comparisons were performed to evaluate changes
within and between conditions and groups. We fit a mixed
model with a random component (intercept) for each
patient and an unstructured component for each condition.
This structure is justified via the model Akaike information
criterion.
All values in tables and figures are reported as mean 
SE; p values 0.05 were considered statistically significant.
In the figures, asterisks denote when p values were 0.05
when making within-group comparisons (vs. rest), and
daggers denote when p values were 0.05 between groups,
within each condition. Cardiac index (CI) and SV index
(SVI) were calculated from the Qc and heart rate and then
divided by body surface area.
Results
Subjects. All subjects completed all of the exercise sessions
in conditions 1 to 5 except for one Fontan patient who
completed only 1 to 4. No exercise test was terminated by
the examiner, and no adverse affects were noted during the
study protocol. As expected, the Fontan patients had lower
VO2 (p  0.03), CI (p  0.0001), and SV (p  0.04) with
submaximal exercise.
Oxygen uptake. Absolute VO2 was not different between
he Fontan patients and controls during rest, 0W, or
WH. With submaximal exercise, the increase was50%
igher in controls than Fontan patients compared with
aseline (p  0.001 and p  0.05) (Fig. 2). As expected,
Figure 1 Experimental Protocol
The experimental protocol was divided into 2 days. Day 1 consisted of a maxi-
mal exercise test. Day 2 consisted of a series of conditions separating the var-
ious components of Ex on the basis of ventilatory effort. EL  expiratory load;
IL  inspiratory load; Max  maximum; 0W  zero-resistance cycling; 0WH 
zero-resistance cycling plus isocapnic hyperpnea.
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Fontan Patients: Effect of Muscle/Ventilatory Pump November 13, 2012:2115–21submaximal exercise VO2 was higher in controls (p  0.03),
ith no significant variability within the exercise conditions.
hanges with EL were less pronounced compared with the
hanges seen with SV and were not statistically significant.
eart rate. Changes in heart rate in the control subjects
ere similar to the changes in VO2. However, in the Fontan
atients, the increase with exercise was blunted. Heart rate
Figure 2 Oxygen Uptake
The largest increase in oxygen uptake was seen with submaximal exercise. All
exercise conditions were statistically different from baseline (rest). EL  expi-
ratory load; IL  inspiratory load; 0W  zero-resistance cycling. *p  0.05
compared with baseline (rest) within groups; †p  0.05 between groups within
condition.
Figure 3 Heart Rate
The change in heart rate mimics the change seen in oxygen uptake. The heart
rate change was minimal in the Fontan patients with zero-resistance cycling
(0W) but increased in the controls in this condition. EL  expiratory load; IL 
inspiratory load. *p  0.05 compared with baseline (rest) within groups;
†p  0.05 between groups within condition.ncreased by 70% in controls during submaximal exercise
ut only 45% in Fontan patients (p  0.05) (Fig. 3).
dditionally, there was an increase in heart rate in both
ontrols and Fontan patients during ExEL, despite the
iverging SVI.
entilatory function. VE was significantly different when
omparing the rest and 0W conditions in both groups (p 
.05) but not significantly different between 0WH, Ex
0%, ExIL, and ExEL for either group (p 0.50) (Fig. 4).
hus, VE was adequately matched during 0WH and Ex
0%. VE was not affected by ExIL or ExEL in either
group, although respiratory pressures were much greater
during loading conditions. Although there were higher
VE/VO2 and VE/VCO2 ratios in the Fontan patients during
ll conditions without isocapnic hyperpnea, only the differ-
nce during ExEL was significant (p  0.03). There was
an increase in inspiratory time and respiratory rate when
comparing both controls and Fontan patients to rest, but no
significant difference within the exercise conditions was seen
within or between groups.
Qc and CI. Qc and CI were significantly lower in the
Fontan patients compared with the controls at rest (p 
0.05) and with submaximal exercise (p  0.05 for Qc, p 
0.001 for CI) (Fig. 5). With the muscle pump alone (the
change between rest and 0W), there was an increase in CI
of 27% in the controls and 30% in Fontan patients, which
was significant compared with rest (p  0.05 for both
groups). With the addition of the ventilatory pump (the
change between 0W and 0WH), we found no significant
change in CI in either group (p 1.00). We considered the
difference in CI between 0WH and submaximal exercise
(Ex 50%) to indicate the increase in Qc due to a further
Figure 4 Minute Ventilation
Minute ventilation was adequately matched in the condition of zero-resistance
cycling (0W) plus isocapnic hyperpnea to submaximal exercise and was rela-
tively constant across the remaining conditions. EL  expiratory load; IL 
inspiratory load. *p  0.05 compared with baseline (rest) within groups.
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November 13, 2012:2115–21 Fontan Patients: Effect of Muscle/Ventilatory Pumpincremental increase in muscle activity as well as an increase
in metabolic demands. During Ex 50%, there was an
increase in CI of 32% in controls above 0WH (p 
0.004). In Fontan patients, the increase in CI was 23%
above 0WH but was not significant (p  0.60). During
the ventilatory loading conditions, there were slight de-
Figure 5 Cardiac Index
The largest increase in cardiac index was seen with submaximal exercise in
both groups. All conditions were statistically different from baseline in the Fon-
tan patients. EL  expiratory load; IL  inspiratory load; 0W  zero-resistance
cycling. *p  0.05 compared with baseline (rest) within groups; †p  0.05
between groups within condition.
Figure 6 SVI
The largest increase from baseline (rest) in the Fontan patients was seen with
the zero-resistance cycling (0W) (muscle pump) condition. The stroke volume
index (SVI) in Fontan patients returned to near baseline values with the expira-
tory load (EL). IL  inspiratory load. *p  0.05 compared with baseline (rest)
within groups; †p  0.05 between groups within condition.creases in Qc and CI in the Fontan patients and slight
increases in the controls; neither was statistically significant.
Stroke volume. SV and SVI (Fig. 6) were significantly
lower in Fontan patients compared with controls at rest
(p  0.0001). The increase in SVI with 0W from rest was
inimal in control subjects (6%) compared with Fontan
atients (17%) (p  0.06). The additional increase with the
entilatory pump was10% in both groups. With submaximal
xercise, there was an increase in SVI in controls of 6% but
lmost no change in the Fontan patients (1%). During
ubmaximal exercise, the change in SVI from rest was signif-
cant in both control and Fontan patients, increases of 23% and
4%, respectively (p 0.001). There was no significant change
ith IL in either group. With ExEL, there was a slight
ncrease in the controls but a decrease in the Fontan patients
ack to resting levels (p  0.14). The effect with Ex and
xEL was similar in each Fontan patient studied and is
hown in Figure 7. On the basis of these changes, we were able
o determine the relative contributions to the total SVI in the
ontrol and Fontan patients by condition. The contributions
re depicted in Figure 8.
iscussion
n the present study, we demonstrate that the skeletal
uscle and ventilatory pumps account entirely for the
ncrease in SV during submaximal exercise in patients with
ontan circulation. Additionally, we found that there is a
ecrease in SV with ExEL, highlighting the importance
f the ventilatory pump in maintaining SV and Qc during
xercise.
Fontan and Baudet (1) first described a surgical repair for
ertain forms of complex congenital heart disease in 1971
hat created conduits to bypass the heart for systemic venous
eturn. This surgery significantly improved mortality, with
Figure 7 Individual Stroke Volume Index by Condition
The changes with exercise and with expiratory load (EL) were consistent
in each individual Fontan patient.
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Fontan Patients: Effect of Muscle/Ventilatory Pump November 13, 2012:2115–21an increase in maximal VO2 of approximately 20% to 25%
2–4). Unfortunately, these patients still remain below
ge-matched and sex-matched norms for maximal VO2,
with a blunted Qc response (15,16). It has been shown that
the systemic ventricular function in Fontan patients is less
efficient with less reserve in the setting of beta-adrenergic
stimulation (6). In our study, we evaluated the mechanisms
by which Qc and SV were augmented during activity in
patients with only passive flow into the lungs.
The respiratory effects on the circulation at rest and with
exercise have been well described in normal patients
(10,17,18). In normal subjects, during inhalation and be-
cause of negative intrathoracic pressure (suction mechanism),
an abrupt increase in venous return at the start of inhalation
transiently enhances right ventricular filling (19). Thus, with
negative intrathoracic pressure, Qc increased in normal,
healthy subjects despite the increase in left ventricular afterload
(20). In normal subjects, the muscle pump (during passive
cycling) does not significantly alter Qc; no metabolic signal has
been found between active and passive cycling (21).
In Fontan patients, vena cava flow also changes with
respiration. It has been shown in echocardiographic and
cardiac magnetic resonance studies that there is an increase in
venous return, particularly inferior vena cava flow, with inspi-
ration with supine rest (22–24). In addition, changes in thoracic
pressure with mechanical VE can affect venous return (25,26).
In the present study, we took advantage of the unique
athophysiology associated with patients after the Fontan
peration to obtain new insights into the role of the muscle
nd ventilatory pump during exercise. We found that the
nitial increase in preload due to muscle contraction and the
ubsequent venous return results in the largest increase in
V. This finding is supported by previous cardiac magnetic
esonance studies performed on Fontan subjects during
upine leg exercise (27,28). In these studies, the largest
ncrease in flow was seen in the inferior vena cava as a result
Figure 8 SVI: Contribution in Patients
on the Basis of Condition
When taken as a percent of total increase stroke volume index (SVI), the mus-
cle pump contributed the largest increase in the Fontan patients. The relative
contributions in the control patients were similar with each condition.f lower extremity muscle pump function. sWe did not find a significant change in SV with an
ncrease in ventilatory rate. This may be due to a limit in the
mount that the SV can increase in patients with single-
entricle physiology. Perhaps these patients operate near
heir maximal contractility and an increase in filling with
egative intrathoracic pressure during inspiration does not
esult in further optimization of biomechanical coupling.
his concept is further supported by the lack of improve-
ent in SV and Qc with IL. However, given that the
ardiac magnetic resonance studies did not show significant
hanges in flow with respiration, our findings may simply
epresent the minimal contribution to SV of the ventilatory
ump in Fontan patients during exercise.
espiratory loading conditions. To further assess the
ffects of the ventilatory system on cardiac function, we used
respiratory loading conditions. With the increase in
ntrathoracic pressure during an ExIL, we did not see any
ignificant change in Qc or SV, in contrast to a previous
tudy in post-operative mechanically ventilated patients
26). We did find a dramatic change in the Fontan patients
uring the ExEL condition, with a reduction in SVI to
ack to baseline, resting values despite ongoing exercise.
ith these data, we theorize that there is little hemody-
amic reserve in Fontan patients to overcome a decrease in
enous return.
From this study, we conclude that the right ventricle is not
ecessary to support an increase in pulmonary or systemic blood
ow during submaximal exercise. The increase in SV observed
uring exercise results from primarily from the muscle pump, with
small contribution from the ventilatory pump.
tudy limitations. The study was limited to a small number
f patients, all with the left ventricle as the systemic ventricle,
nd most of whom had previous Glenn anastomoses. Unfor-
unately, none of the patients studied had the more contem-
orary Fontan anatomy (lateral tunnel or extracardiac Fontan
irculation). As a result, there is a mechanical coupling of the
ontan and the cardiac function that is less evident in the
onfenestrated extracardiac Fontan.
A significant limitation of our study was our inability to
nvasively measure hemodynamic status. Although we had
riginally planned to do so, our study patients would not
onsent to invasive monitoring. As a result, we were unable to
ccount for changes due to right-to-left shunting or intratho-
acic pressures or to quantify Qc more precisely. However,
iven that all patients were normally saturated at baseline
ithout evidence of cyanosis at peak exercise, we assume that
he degree of shunting was minimal. The acetylene rebreathing
echnique (our only assessment of Qc) measures only the blood
ow to the ventilated lung and relies on the assumption that
he blood courses through the alveolar capillaries only once
efore returning to the heart. This technique has not been
alidated in the Fontan population. We cannot exclude small
hunts that would decrease the accuracy of our Qc measure-
ents. We propose that a right-to-left shunt would result in a
alsely low Qc, as the effective Qp would be lower than the
ystemic Qc. Given that we are measuring changes for each
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November 13, 2012:2115–21 Fontan Patients: Effect of Muscle/Ventilatory Pumpindividual patient, we maintain that change in Qc should still
be a valid comparison. It is also a limitation in our study
population that we do not have quantitation of the degree of
aortopulmonary collateral vessels.
Clinical implications. First, this study allows a better
nderstanding of the mechanism of Qc augmentation,
escribing the contributions from the muscle and ventila-
ory pumps. Additionally, the impact of the ventilatory
ump is better understood to be a secondary route to
ncrease Qc during exercise, but detrimental to the Qc when
ntagonized. This finding reinforces the clinical practice of
sing caution when opting for positive pressure VE in
ontan patients.
onclusions
his study demonstrates that there is augmentation of CI
nd VO2 with exercise in patients with Fontan circulation.
his appears to be due to a combination of the muscle
ump, ventilatory pump, and heart rate. Although the
argest contribution of increase in SV occurs as a result of
he muscle pump, antagonism of the ventilatory pump can
e detrimental to overall cardiac function.
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